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The differences in boundary-activated dissociation (BAD) onsets have been investigated for
peptide ions that were generated by two different ionization techniques, nanoflow electros-
pray ionization (nanoESI) and liquid secondary-ion mass spectrometry (LSIMS). BAD onsets
of these ions were determined to compare the relative internal energies of the ions. Protonated
peptide ions formed by nanoESI had lower BAD onsets than ions formed by LSIMS. The BAD
onsets of peptides derivatized to have a fixed charge on the N-terminus also were lower for
those generated by nanoESI than those generated by LSIMS. The BAD onsets of ions formed
by nanoESI did not change with the variation of collisional cooling periods after gating ions
into the ion trap and after isolating them prior to dissociation, indicating that the ions formed
by the two ionization techniques would not adopt the same energy distributions. It is proposed
that the ions formed by the two techniques differ in secondary structure, and the LSIMS ions
are collisionally cooled to a lower local minimum along the potential energy surface than the
nanoESI ions. Ions formed by both techniques show the same dissociation patterns, so
assuming the absolute energy required for dissociation is the same, the LSIMS ions possess a
higher critical energy of dissociation. This leads to the observation of the higher BAD
onset. (J Am Soc Mass Spectrom 2001, 12, 1331–1338) © 2001 American Society for Mass
Spectrometry
The determination of the internal energy of ions isof great importance to mass spectrometrists inter-ested in learning more about the dissociation
energetics and structures of ions. In an MS/MS exper-
iment, ions are activated to increase their internal
energy above the critical energy of dissociation. The
critical energy is determined by the difference in the
energy of the transition state structure and the ground
state structure of the reacting ion. It is well known that
isomers can react through the same transition state, but
because they have different ground state structures and
thus different energies, they have different critical en-
ergies for reaction [1].
The initial internal energy of ions is determined by
the internal energy of the neutral molecule and the
amount of energy that is obtained during ionization.
The amount of additional internal energy that must be
deposited during activation to effect dissociation is
determined by this initial internal energy. The most
common type of activation method involves energetic
collisions of ions with a target gas to convert kinetic
energy to internal energy, which is what occurs in
collision-induced dissociation (CID) [2, 3]. Activation of
ions also can occur by colliding them with a surface, as
in surface-induced dissociation (SID) [4–8]. Activation
of ions is not achieved solely through collisions with
neutrals or surfaces. For example, ions can absorb
infrared radiation, as in infrared multiphoton photodis-
sociation (IRMPD) [9, 10] and blackbody-infrared dis-
sociation (BIRD) [11–13].
The initial appearance of product ions as a function
of the activation conditions indicates how much addi-
tional internal energy was required to cause dissocia-
tion. Comparisons of these dissociation onset values are
useful in determining what effects experimental param-
eters have on the internal energy of the ions. For
example, when performing resonant excitation in a
quadrupole ion trap, the resonant excitation frequency,
the resonant excitation amplitude, the initial internal
energy, the rf and dc voltages, the choice of collision
gas, and the pressure of collision gas all are involved in
the dissociation of parent ions. The effects of one of
these parameters on the dissociation onset can be inves-
tigated by holding all other parameters constant. The
minimum resonant excitation amplitude required to
observe CID product ions can be monitored while
varying the experimental parameter of interest, such as
buffer gas pressure. The differences in dissociation
onsets can be correlated to the effect of buffer gas
pressure on CID. Similarly, fragmentation efficiency
data obtained from SID experiments can be plotted
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versus collision energy [14–16]. The inflection points of
such plots, which correspond to the collision energy at
which 50% of the ions dissociate, can be compared. The
relative differences in the inflection points of the curves
indicate the relative amount of internal energy deposi-
tion during activation required to dissociate the parent
ions. For example, the inflection points of the fragmen-
tation efficiency curves for peptides with basic residues
were at higher collision energies than the inflection
points for peptides without basic residues. Thus, disso-
ciating peptides containing basic residues require more
internal energy deposition during activation [14].
The ions must be formed in the same manner and be
subjected to the same conditions within the mass spec-
trometer to use qualitative approaches such as these. As
a result, the comparison of the relative measurements is
based on the influence of the parameter of interest. The
relative internal energy content of peptide ions gener-
ated by electrospray ionization (ESI) and liquid second-
ary ion mass spectrometry (LSIMS) was determined
using the same SID experimental approach described
above in a dual quadrupole mass spectrometer [14]. In
these experiments, the collision energies at which ESI
ions dissociated were higher than the collision energies
at which LSIMS ions dissociated. The same analytes
were used with each ionization technique, so the differ-
ence in inflection points of the curves was not due to the
peptide sequence. The ionization technique was the
variable in the experiment, indicating that the ESI ions
had lower initial internal energy content than the
LSIMS ions.
Similar comparisons can be made when using
boundary-activated dissociation (BAD) in a quadrupole
ion trap [17]. BAD is a method of effecting CID in a
quadrupole ion trap [18, 19]. The “boundary” in BAD
refers to the boundaries of the Mathieu stability dia-
gram, which is a plot of the stable solutions to second-
order differential equations called the Mathieu equa-
tions. Ion motion in the quadrupole ion trap is
described by these second-order differential equations.
The Mathieu parameters, az and qz, are described by the
following equations:
az 
8eU
mr0
22
(1a)
qz 
4eV
mr0
22
(1b)
where m is the mass of the ion, r0 is the radius of the
ring electrode,  is the rf drive frequency, V is the
amplitude of the rf voltage, U is the amplitude of the dc
voltage, and e is the fundamental unit of charge. Ions
with az and qz coordinates (called the working point for
any given m/z) that fall within the bounded area of the
Mathieu stability diagram have stable trajectories
within the ion trap. BAD is initiated by the application
of a dc pulse to the ring electrode of a quadrupole ion
trap, which affects the working points of ions [18–21].
When the working points of the ions are moved to-
wards a boundary of the stability diagram, the ions
absorb power and the magnitude of the axial motion,
and thus average kinetic energy, of the ions is increased
within the quadrupole ion trap. Subsequent collisions
with the neutral gas molecules (typically He) present in
the ion trap can convert the kinetic energy of the
trapped ions into internal energy, causing the ions to
dissociate to product ions.
While dissociation is the ultimate goal of the BAD
process, it is also possible for boundary activation to
result in ion trajectories becoming unstable within the
quadrupole ion trap, causing ion ejection. The compe-
tition between ion ejection and dissociation is depen-
dent upon the depth of the pseudopotential well, Dz, in
which the ions are trapped during activation. The
Dehmelt approximation of the depth of the pseudopo-
tential well [22] is given by the equation:
Dz 
qz
2mr0
22
32e
(2)
This equation is valid when qz 0.4. For ions of a given
m/z, the important relationship derived from the above
equation is that Dz is directly proportional to qz
2, and qz
is an experimentally controlled parameter.
At shallow pseudopotential well depths, ejection
becomes more likely than dissociation [23]. If ions with
a working point near the boundary are trapped in a
shallow pseudopotential well, the ion kinetic energy
may become too large for the trajectory of the ions to
remain stable, and the ions are ejected. Alternatively,
ions trapped in a deep pseudopotential well can un-
dergo energetic collisions with the background gas and
subsequently dissociate before the ion kinetic energy
increases so much that the trajectory of the ions be-
comes unstable. The shallowest well-depth at which
dissociation is observed is defined as the dissociation
onset, reported in terms of the parameter qz. The
determination of BAD onsets of ions allows the com-
parison of the relative internal energies or critical ener-
gies of these ions. For example, consider two groups of
ions with the same m/z but with different initial internal
energies trapped in pseudopotential wells of the same
depth. The first group of ions, having lower internal
energy, may be ejected before reaching a sufficient
internal energy that would cause the ions to dissociate.
The second group of ions, having higher internal en-
ergy, needs less additional energy from activation and
would not need to have as many energetic collisions as
the first group of ions to dissociate. Because less added
internal energy is required to reach the critical energy
for dissociation for the ions in the second group, they
can gain the additional internal energy necessary to
dissociate before achieving a kinetic energy at which
they would be ejected. Experimentally, a lower dissoci-
ation onset in terms of qz would be observed for the
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second (higher internal energy) group of ions, because
less additional energy is needed to reach the ions’
critical energy to dissociate. A related scenario involves
two different reacting structures that dissociate through
the same transition state structure. If one structure has
a lower energy ground state versus the other, then that
reacting structure would have a greater critical energy
and require more internal energy to be deposited to
effect dissociation. This would result in a higher BAD
onset being measured for the more stable reacting
structure.
BAD has been used successfully as a probe of rela-
tive critical energies of dissociation of peptide ions [17].
The ease of dissociation of various peptide ions was
characterized by comparing the BAD onsets of these
ions. For example, peptides with and without an argi-
nine residue in the sequence were subjected to BAD in
a quadrupole ion trap. Ions containing an arginine
residue had a higher BAD onset in terms of qz than
those without an arginine residue, indicating that argi-
nine-containing peptides require more internal energy
to dissociate. The relative order of the BAD onsets of
these peptides is in agreement with the results of the
SID experiments already discussed.
BAD onsets also can be determined for peptide ions
differing in ways other than sequence. In this work, the
differences in dissociation onsets were investigated for
identical peptide ions generated by two different ion-
ization techniques, nanoESI and LSIMS. These experi-
ments are similar to the experiments discussed earlier
that were performed by Jones, et al., for peptide ions
generated by ESI and LSIMS in a dual quadrupole mass
spectrometer [14]. In addition, BAD onsets also were
determined for structurally modified peptide ions and
for ions subjected to different collisional cooling condi-
tions within the quadrupole ion trap.
Experimental
Experiments were performed on an extensively modi-
fied Finnigan ITMS (San Jose, CA) controlled by ICMS
Ion Trap Software version 2.20 [24]. A custom-built
nanoESI configuration was used. A capillary (o.d.
0.0665 in., i.d. 0.0532 in.) drawn to a fine tip of approx-
imately 8 m in diameter was loaded with approxi-
mately 10 L of peptide solution. The capillary tip was
held within 2 to 3 mm of the 100 m aperture of the
front flange of the source region. A wire inserted into
the back (open) end of the capillary made contact with
the sample solution. Voltages of 500 to 700 V were
applied to the wire to initiate electrospray.
A custom-built cesium ion gun was used to generate
7.2 keV Cs ions to perform LSIMS. Electrostatic lenses
contained in the cesium ion gun directed high energy
cesium ions toward the tip of the sample probe which
was inserted into the source region of the instrument.
The probe was held at 42.9 V. Approximately 3 L of
peptide solution was dissolved in a drop of the glycerol
matrix on the probe tip. Following cesium ion bombard-
ment, the ions formed were transmitted into the quad-
rupole ion trap through the same lens configuration
used with the nanoESI experiments. The pressure of
the helium bath gas in the ion trap was kept constant at
8.6  104 Torr for all experiments.
A typical experimental sequence consisted of a 100 to
200 ms period to gate ions into the ion trap, followed by
a collisional cooling period of 10 to 200 ms. Isolation of
the desired parent ions was achieved with a combina-
tion of rf ramping and resonant ejection of ions of
higher and lower m/z than the selected ions. The dc
pulse used to initiate boundary activation was applied
to the ring electrode of the quadrupole ion trap using a
Finnigan MAT Selective Mass Storage unit controlled
through the ITMS electronics. The dc pulse was 20 ms in
length. Positive dc pulses, between 40 and 200 V
depending on the m/z of the ions and the qz value at
which they were stored, were used to bring the working
points of the ions within close proximity of the z  0
boundary of the stability diagram. The dc voltage was
optimized by maximizing the intensities of the resulting
product ions. The qz at which ions were stored during
BAD was varied systematically to produce MS/MS
spectra over a range of qz values to determine the
dissociation onsets. In general, 50 to 100 scans were
averaged to produce a BAD spectrum. Because of the
poorer S/N observed in LSIMS mass spectra, up to 250
scans were averaged. After isolating the parent ions of
interest, mass spectra were acquired without perform-
ing BAD and multiple scans were averaged to deter-
mine the average intensity of the parent ions. MS/MS
efficiencies (EffMS/MS) were calculated by summing the
absolute intensities of the product ions ([fi
]) and
dividing by the absolute intensities of the parent ions
([p]) [25].
EffMS/MS
[fi
]
[p]
(3)
Plots of MS/MS efficiency versus qz were constructed
from the data. MS/MS efficiencies decreased with de-
creasing qz over the range studied because of the
decrease in Dz with qz. Because Dz is proportional to qz
2,
the data were fitted with quadratic functions. The qz
axis intercept of the fitted curve was taken as the
dissociation onset.
The peptide YGGFL was obtained from Sigma
Chemical Company (St. Louis, MO), and the peptide
YGRFL was synthesized in house. The peptides were
dissolved in methanol:water:acetic acid (75:20:5, v:v:v)
solutions at concentrations over a range of 100 M to 2
mM, with the higher concentrations necessary for use
with the LSIMS ionization technique. For some experi-
ments, peptides were derivatized at the N-terminus
with dimethyloctylamine to form a quaternary ammo-
nium group, thereby fixing a positive charge on the
peptide, as described by Stults, et al. [26]. Derivatized
peptides were used for LSIMS experiments without
1333J Am Soc Mass Spectrom 2001, 12, 1331–1338 CONFORMATIONAL DIFFERENCES IN AN ION TRAP
further purification. For nanoESI experiments, HPLC
clean-up of the derivatized peptides was necessary and
was carried out using the previously published protocol
[26].
Results and Discussion
BAD spectra of protonated YGRFL generated by
nanoESI (a) and LSIMS (b) are shown in Figure 1. Parent
ions were stored at a qz value of 0.25 during activation
for both spectra. The intensities of the LSIMS product
ions in Figure 1b were multiplied by a factor of 10 to be
able to compare them on the same intensity scale as the
nanoESI product ions in Figure 1a. MS/MS effi-
ciencies were calculated to be 9.9% for the nanoESI
experiment and 1.3% for the LSIMS experiment.
MS/MS efficiencies were low because the spectra were
acquired near the onset of dissociation. The same prod-
uct ions are observed in both spectra. The relative
intensities of the product ions are similar, although
small differences in the relative intensities of the b5,
[b5NH3], and [b4H2O] ions in the two spectra are
observable. However, slight variations are probably
insignificant due to the low absolute abundance of ions
in Figure 1b. The qz value at which parent ions
generated by nanoESI were stored during BAD was
varied from 0.16 to 0.25. For LSIMS parent ions, the qz
value was varied from 0.25 to 0.33. The resulting
MS/MS efficiencies for BAD performed at qz values
over these ranges are plotted in Figure 2. The onset of
dissociation for ions generated by nanoESI is consider-
ably lower than that of LSIMS ions. The lower dissoci-
ation onset indicates that protonated YGRFL ions gen-
erated by nanoESI had a higher initial internal energy
or a lower critical energy and were able to dissociate in
shallower pseudopotential wells than LSIMS ions. Sim-
ilar experiments were performed with protonated
YGGFL. The product ions in the BAD spectra were the
b5, a4, b4, and b3 ions, regardless of the ionization
technique used. The relative intensities of the product
ions were consistently b4  a4  b5  b3. The MS/MS
efficiencies are plotted versus qz in Figure 3. As in
Figure 2, the onset of dissociation for nanoESI ions is
lower than the onset for LSIMS ions. There is a general
shift to lower qz values in Figure 3 compared to Figure
2. This was expected because YGGFL should have a
lower critical energy for dissociation than YGRFL be-
cause YGGFL does not contain arginine [14, 17]. How-
ever, the presence of arginine did not affect the order of
the onsets for nanoESI and LSIMS ions in Figures 2 and
3. The data presented in Figures 2 and 3 indicate that
Figure 1. BAD spectra of protonated YGRFL ions formed by (a)
nanoESI and (b) LSIMS. The intensities of the product ions in
spectrum (b) have been multiplied by a factor of 10.
Figure 2. Plot of the MS/MS efficiency vs. qz value for proton-
ated YGRFL ions formed by (a) nanoESI and (b) LSIMS. The points
are experimental data and the curves are quadratic fits to the data.
Figure 3. Plot of the MS/MS efficiency vs. qz value for proton-
ated YGGFL ions formed by (a) nanoESI and (b) LSIMS.
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the LSIMS ions that dissociated have lower internal
energy or a higher critical energy than the correspond-
ing nanoESI ions.
The structures of the species formed by nanoESI and
LSIMS must be considered as a possible variable. The
mobile proton model [27] suggests that peptide struc-
tures could have protons located at the N-terminus,
solvated by carboxylic oxygens, or on amide nitrogens,
which subsequently could lead to variations in their
dissociation onsets. If the protonated peptides differ in
structure based on the site of protonation, the compar-
ison of the relative internal energies of the ions formed
by the two techniques would be invalid. Because sev-
eral distinct protonated structures of ions may be gen-
erated by LSIMS [14], it is possible that the protonated
peptides formed by LSIMS have different structures
than the protonated peptides formed by nanoESI. These
different structures, or tautomers, may have different
critical energies of dissociation.
To eliminate the possibility of mobile protons being
located at different sites along the peptide ions gener-
ated by nanoESI and LSIMS, the peptides were derivat-
ized at their N-termini to fix the charge location. A
dimethyloctylamine group was attached to the N-ter-
minus of YGGFL (referred to as DMOA-YGGFL).
Therefore, the uncertainty of the location of the charge
on the peptide ion was eliminated, with only one ionic
structure being reasonable. The DMOA-YGGFL peptide
was subjected to BAD in the quadrupole ion trap after
ionization by both nanoESI and LSIMS. The same
product ions were observed in the MS/MS spectra of
ions generated by both ionization techniques. The
MS/MS efficiency versus qz is plotted in Figure 4. The
derivatized peptide DMOA-YGGFL exhibited higher
dissociation onsets when formed by LSIMS than when
formed by nanoESI. This is the same trend that was
observed for protonated YGGFL in Figure 3. The slope
of the curve for the LSIMS data in Figure 4b is steeper
than the curves plotted in Figures 2b and 3b. This
indicates that the internal energy distribution of the
LSIMS-generated DMOA-YGGFL ions is narrower than
the distributions of the LSIMS-generated underivatized
peptide ions. This is likely due to the restriction of the
number of possible peptide ion structures of the deri-
vatized peptide formed by LSIMS. No significant
changes in the shapes of the curves for the nanoESI ions
are observed among Figures 2a, 3a, and 4a. This could
indicate that the same structures are generated by
nanoESI whether or not the charge is fixed by deriva-
tizing the peptide. While LSIMS may indeed produce
more varied protonated structures than nanoESI, the
differences in dissociation onsets persist when the pri-
mary structures of the ions are fixed.
The relative difference in BAD onsets indicates that
the dissociating nanoESI ions have higher internal en-
ergy or lower critical energy than the dissociating
LSIMS ions. These results differ from what has been
observed by the Wysocki group in their SID experi-
ments performed in a dual quadrupole mass spectrom-
eter. Plots of fragmentation efficiency versus collision
energy were constructed for ions generated by conven-
tional ESI and LSIMS. The wide initial internal energy
distribution of LSIMS ions was indicated by the de-
creased slope of the curve plotted for the LSIMS ions
compared to the slope of the curve for the ESI ions. The
inflection points of the plotted curves showed that ESI
ions were more difficult to dissociate than LSIMS ions,
indicating that the LSIMS ions possessed higher initial
internal energy [14]. While these experiments are simi-
lar to those presented here, the ion populations that are
sampled for dissociation are different. The inflection
points of the fragmentation efficiency versus collision
energy curves correlate to the SID collision energy at
which 50% of the ions are being dissociated. However,
in the measurement of BAD onsets, the onset of the
MS/MS efficiency vs. qz curve correlates to the applied
dc voltage at which only a very small percentage of ions
are being dissociated. Thus, only ions with internal
energies at the high-energy end of the internal energy
distribution are being sampled when measuring disso-
ciation onsets.
The suggestion that the nanoESI ions being sampled
in BAD onset experiments are higher in internal energy
than the LSIMS ions may seem unusual. Ions formed by
nanoESI are considered to be lower in internal energy
than ions formed by LSIMS. However, the shape of the
internal energy distribution at the high internal energy
end must be considered, because this part of the distri-
bution represents the internal energy of the ions that are
dissociating at the onset. The shapes of internal energy
distributions of ions produced by different ESI sources
can vary significantly [28]. Based on the results pre-
sented here, the internal energy distribution for
nanoESI ions may extend to higher internal energies
than the distribution for LSIMS ions. The nanoESI ions
with internal energies at the high energy tail of the
distributions would be higher in internal energy than
the corresponding LSIMS ions. Consequently, the
nanoESI ions would have a lower BAD onset than
LSIMS ions, as was observed experimentally.
A comparison of the dissociation behavior of ESI and
Figure 4. Plot of the MS/MS efficiency vs. qz value for DMOA-
YGGFL introduced to the quadrupole ion trap by (a) nanoESI and
(b) LSIMS.
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fast-atom bombardment (FAB) ions on a sector instru-
ment showed that ESI ions unexpectedly dissociated via
a high critical energy process [29]. In these experiments,
fatty acids ionized by ESI or FAB were dissociated via
high-energy CID. The dominant product ions that ap-
peared in the ESI spectra were formed by simple
cleavage, while those appearing in the FAB spectra
were formed by rearrangement. It was suggested that
the internal energy distributions of the FAB and ESI
parent ions after collisional activation must be different
in the energy regime that leads to observable product
ions. Proportionally, more LSIMS parent ions fall into
the range in which rearrangement occurs versus the
energy range for simple cleavage.
As outlined above, the dissociation behavior of ions
in beam instruments has been related to the initial
internal energies of the dissociating ions. In trapping
instruments, collisional cooling acts to dampen the
internal energies of trapped ions. Thus, the internal
energy content of ions before activation is changed from
its initial value immediately after ionization. There is no
process in the quadrupole or the sector instruments that
is analogous to the collisional cooling process that
occurs in the quadrupole ion trap. At the He buffer gas
pressure used during the BAD onset experiments in the
ion trap, it has been reported that the ions would be
collisionally cooled in a few milliseconds, regardless of
their initial internal energies [30]. After being collision-
ally cooled, it would be expected that these ions would
have similar internal energies and would exhibit similar
BAD onsets. A possible explanation of the difference in
BAD onsets is that the nanoESI ions are not being
collisionally cooled on the timescale of the experiment.
If these ions were not collisionally cooled to the same
degree as LSIMS ions, nanoESI ions could have lower
BAD onsets than LSIMS ions. To investigate this theory,
protonated YGGFL ions formed by nanoESI were sub-
jected to a large range of collisional cooling periods
after being gated into the quadrupole ion trap. Figure 5
shows a plot of the BAD onsets in terms of qz with
respect to the length of time ions were collisionally
cooled. Despite the extension of the collisional cooling
period to 200 ms, BAD onsets of YGGFL ions generated
by nanoESI did not change with collisional cooling
time.
The collisional cooling period after the isolation of
the parent ions and before activation also was varied to
investigate the possibility of insufficient collisional cool-
ing of the isolated parent ions. During the isolation of
parent ions via resonant excitation/ejection, the secular
frequency of the parent ions can be close to the fre-
quency of the supplementary ac voltage used to eject
unwanted ions. The parent ions can absorb some power
and be mildly excited, thus requiring a cooling period
after isolation to ensure that the parent ions are at their
lowest internal energy level before being activated
during BAD. Parent ions generated by nanoESI were
cooled for up to 500 ms after being isolated. No changes
in BAD onsets were observed despite the increase in
collisional cooling periods (data not shown). Parent
ions also were also excited deliberately after isolation
by applying a supplementary ac voltage to the endcaps
of the quadrupole ion trap. These voltages served to
mildly excite parent ions in the same manner they
might be excited by a closely matched resonance ejec-
tion frequency applied during isolation. The effects of
collisional cooling periods after the mild excitation
periods were then studied. Amplitudes of these volt-
ages were typically a few hundred millivolts, but were
not sufficiently large enough to cause any dissociation
of the parent ions. The durations of the excitation
periods were varied from 20 to 60 ms. Ions were cooled
for 10 to 100 ms after the mild resonant excitation
period, and all of the BAD onsets for these nanoESI
generated ions were at a qz value of approximately
0.165 (data not shown). These onsets, in terms of qz, are
the same as the onsets shown in Figure 5 when the
collisional cooling periods were varied without a reso-
nant excitation period.
It should be reiterated that other experimental pa-
rameters, such as the timing of the experiments or the
helium pressure in the ion trap, were held constant. One
exception was the time allowed for gating ions into the
ion trap. The ion currents for LSIMS were typically
lower than those for nanoESI, necessitating the use of
gate periods for LSIMS ions as much as double the
length of those used for nanoESI. Longer gate periods
effectively allow ions gated into the ion trap at the
beginning of the gate period to be collisional cooled for
a longer time period in the ion trap. However, the
longer gating periods should not affect the BAD onsets
because the collisional cooling periods after gating ions
were shown to have no effect on BAD onsets. To verify
this the gate times used in nanoESI experiments were
varied from 20 to 150 ms, and it was confirmed that no
differences in BAD onsets were observed despite the
ion count in the ion trap changing by almost an order of
magnitude. Except for the gate times, all other experi-
mental conditions were identical and should not ac-
count for the differences in the BAD onsets of nanoESI
and LSIMS ions.
Figure 5. Plot of the BAD onsets (in terms of qz) vs. collisional
cooling period after gating protonated YGGFL ions formed by
nanoESI into the quadrupole ion trap.
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A number of variables are involved in the determi-
nation of dissociation onsets. The sequence and struc-
ture of the analytes, the experimental conditions, and
the relationship between Dz and the internal and critical
energies of the ions must be considered. In this work,
the BAD onsets of the same species formed by each
ionization technique were compared. Peptides with and
without a basic residue were analyzed. The presence of
the arginine residue in YGRFL did cause an increase in
the BAD onsets of nanoESI and LSIMS ions compared
to YGGFL. This indicates that peptides containing a
basic residue have higher critical energies of dissocia-
tion, and this result is in agreement with previous work
[14, 17]. The primary structures of the ions were fixed
by locating the ionizing charge at the N-termini. The
relative difference in BAD onsets for nanoESI and
LSIMS ions were the same for protonated and derivat-
ized peptides with a fixed charge site. All experimental
details, such as the He pressure and the duration of the
dc voltage application, were held constant. The excep-
tions were the gate time, already discussed, and the
parameters that pertained to only one of the ionization
techniques (i.e., nanoESI voltage, LSIMS matrix).
Thus, the remaining factors to be considered in
interpreting the BAD onset differences are the internal
and critical energies of the ions. Because the same
product ions are observed, it is assumed that the
absolute energy for dissociation is the same for ions
generated by the two different ionization techniques.
Ions that are dissociated in a shallow pseudopotential
well must either (a) possess higher initial internal
energy prior to activation than ions that are ejected in
the same pseudopotential well depth or (b) have lower
critical energies. The relative BAD onsets indicate that
dissociating nanoESI ions are higher in internal energy
or have a lower critical energy than dissociating LSIMS
ions. The collisional cooling conditions in the quadru-
pole ion trap have been thoroughly investigated and
did not affect BAD onsets. A possible explanation for
why the nanoESI ions are not collisionally cooled to the
same temperature as the LSIMS ions is that the LSIMS
ions are cooled to different local minimum on the
potential energy surface, requiring the ions to differ in
structure. It has been established with the derivatized
fixed-charge peptides that the primary structures of the
peptide ions do not cause the differences in onsets.
However, the secondary structures (e.g., intramolecular
interactions) of the ions formed by nanoESI may differ
from those formed by LSIMS. This proposal would be
related to the ions having some “memory” of how they
were formed, such as in the electrospray solvent versus
the liquid matrix environment used for LSIMS. If the
nanoESI ions are collisionally cooled to a local mini-
mum at some point along the potential energy surface,
and the LSIMS ions are in a different local minimum (or
perhaps the global minimum), then this could translate
to differences in critical energies of dissociation. This
explanation requires that there is some different sec-
ondary structure possessed by the LSIMS generated
ions that makes them more stable. This phenomenon
would be consistent with the fact that the relative
difference in BAD onsets of the ions were not a result of
primary structural differences among the ions formed
by the two ionization techniques.
This result is not necessarily inconsistent with previ-
ous results on beam instruments where it was proposed
that ESI generated parent ions had lower internal ener-
gies. In those experiments, there is no collisional cooling
equivalent to what parent ions experience in the quad-
rupole ion trap. Thus, differences in secondary struc-
ture could be obscured by the higher absolute internal
energy of the parent ions in beam instruments versus
the quadrupole ion trap. Conversely, in at least one case
on the beam instrument different product ions were
observed. Therefore, different structures may be
present and may affect the assumed critical energies for
dissociation such that the ESI ions actually are higher in
internal energy.
Conclusion
The BAD onsets of peptide parent ions generated by
nanoESI were found to be lower than the onsets of
parent ions generated by LSIMS. The relative difference
in BAD onsets for the N-terminal derivatized peptide
parent ions formed by nanoESI and LSIMS agreed with
the results for the protonated peptides formed by
nanoESI and LSIMS, indicating that any tautomeric
isomers of the protonated peptides did not contribute to
the difference in BAD onsets. Also, the lengths of
collisional cooling periods, after gating ions into the
quadrupole ion trap, or after isolation of parent ions,
did not affect the BAD onsets for nanoESI ions. The
higher BAD onsets of LSIMS ions suggest that, for
parent ions dissociating at the onset, the LSIMS-gener-
ated parent ions reside in a deeper minimum on the
potential surface than the nanoESI ions. Thus, it is
proposed that the critical energy of dissociation of
LSIMS ions is higher than that of the nanoESI ions
because the ions formed by the two techniques differ in
their secondary structures.
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